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PACS 75.85.+t – Magnetoelectric eﬀects, multiferroics
PACS 75.30.Kz – Magnetic phase boundaries (including classical and quantum magnetic
transitions, metamagnetism, etc.)
Abstract – The multiferroic properties of EuTiO3 are greatly enhanced when a sample is strained,
signifying that coupling between strain and structural, magnetic or ferroelectric order parameters
is extremely important. Here resonant ultrasound spectroscopy has been used to investigate strain
coupling eﬀects, as well as possible additional phase transitions, through their inﬂuence on elastic
and anelastic relaxations that occur as a function of temperature between 2 and 300K and with
applied magnetic ﬁeld up to 14T. Antiferromagnetic ordering is accompanied by acoustic loss and
softening, and a weak magnetoelastic eﬀect is also associated with the change in magnetization
direction below ∼2.8K. Changes in loss due to the inﬂuence of magnetic ﬁeld suggest the existence
of magnetic defects which couple with strain and may play a role in pinning of ferroelastic twin
walls.
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EuTiO3 (ETO) is a perovskite structured quantum
paraelectric which has the additional attribute of G-type
antiferromagnetic ordering at low temperatures [1,2]. Of
interest in the context of magnetoelectric materials, it
shows a signiﬁcant drop in the dielectric constant () at
the Ne´el point, TN ≈ 6K [3–5], due to the interaction
between the spin ordering and a soft polar phonon. Nor-
mal quantum paraelectric behavior, i.e. smooth satura-
tion as T → 0K, is recovered by application of magnetic
ﬁelds greater than 1.5T, with a resultant change in  of
up to ∼7% [4]. Shvartsman et al. [6] noted that the mag-
netoelectric magnetization comes close to that of class-
leading TbPO4. Strain engineering of ETO, mostly in
thin ﬁlms, has been theoretically predicted [7,8] and sub-
sequently demonstrated [9] to produce a ferromagnet with
a large ferroelectric polarization. This makes ETO one of
the ﬁrst single-phase multiferroics to display a signiﬁcant
polarization both magnetically and electrically.
Magnetic ordering of single-crystal samples at low tem-
peratures involves two separate transitions [10]. The an-
tiferromagnetic structure below TN has its easy axis of
magnetization parallel to [001] of the tetragonal matrix.
This gives way via a ﬁrst-order transition between 2.75
and 3K (Ttr) to a second antiferromagnetic structure with
an easy plane of magnetization perpendicular to [001].
DC measurements of magnetic susceptibility under ap-
plied ﬁeld have revealed an additional anomaly below TN ,
however, which appears to involve reorientation of the di-
rection of magnetization. The temperature for this spin-
ﬂop transition reduces from ∼5.3K at the lowest ﬁeld to
2K at ∼0.2T, and presumably occurs within ferroelastic
twin domains which have [001] perpendicular, rather than
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parallel to the applied ﬁeld. With increasing ﬁeld the spin-
ﬂopped antiferromagnetic crystal is believed to transform
to an anisotropic paramagnet, for which the critical ﬁeld
is ∼0.9T at 2K [10]. The same spin-ﬂop and antiferro-
magnetic to paramagnetic transitions have also been ob-
served in a polycrystalline sample with increasing ﬁeld at
4.5 K [6]. ETO also undergoes a cubic (Pm3¯m) to tetrag-
onal (I4/mcm) ferroelastic phase transition attributed to
the same octahedral tilting transition as occurs in SrTiO3
(e.g. [10–13]) with a transition temperature, Tc, of 282K
suggested by a speciﬁc-heat anomaly [10,11]. Although the
cubic and tetragonal structures are paramagnetic at these
relatively high temperatures, it has been reported that Tc
changes in the presence of a magnetic ﬁeld [14], implying
some coupling between structural changes and spin con-
formation. If this is correct, it follows that the ferroelastic
twin walls may also have their own distinct magnetic and
dielectric properties.
Here we demonstrate the existence of coupling between
strain and magnetism, obtained by correlating magnetic
anomalies from SQUID data with anomalies in elastic and
anelastic properties measured on the same single crystal
by resonant ultrasound spectroscopy (RUS) in zero mag-
netic ﬁeld and with applied ﬁelds of up to 14T. Known
transition behavior is examined in the context of elastic-
ity, while evidence for additional transitions induced by
increasing ﬁeld is presented. We have found that applied
magnetic ﬁelds and local ﬁelds from defects have eﬀects
on the properties of ETO from ∼2K up to at least the
cubic-tetragonal transition point.
The irregularly shaped single-crystal sample used in this
study had approximate dimensions 2.4 × 2.7 × 2.3mm3
and mass 0.0509 g. It came from one of two batches
that were grown in a ﬂoating zone furnace [15] and which
were also the source of crystals used by Allieta et al. [16],
Petrovic´ et al. [10] and Scagnoli et al. [2]. Magnetic data
were collected at the Department of Engineering, Univer-
sity of Cambridge, on a Quantum Designs MPMS XL
Squid magnetometer. RUS data were collected using a
sample holder described by McKnight et al. [17], which
was attached to the end of a stick lowered into an Ox-
ford Instruments Teslatron PT cryostat equipped with a
14T superconducting magnet. Fundamentals of the RUS
technique are described, for example, in Migliori and Sar-
rao [18]. Spectra were accumulated in programmed se-
quences of varying temperature at constant ﬁeld or varying
ﬁeld at constant temperature, and a delay of 20minutes
was allowed at each temperature to ensure equilibration
prior to data collection. 65000 data points were collected
in each spectrum, with a frequency range 300–2200 kHz.
Individual resonances in the spectra were analyzed of-
ﬂine using the software package IGOR (Wavemetrics). The
square of the frequencies, f , of individual resonances scale
with diﬀerent combinations of predominantly shear elas-
tic constants, and the inverse mechanical quality factor,
Q−1 = Δf/f , where Δf is the peak width at half-height,
is a measure of acoustic loss.
Fig. 1: (Color online) Representative stacks of RUS spectra
collected during heating between (a) 1.6K and 8K and (b) 2K
and 300K. The vertical axis is labeled as temperature, as the
oﬀset applied to the spectra is proportional to the tempera-
ture at which they were collected. The vertical scale for each
individual spectrum is the resonance amplitude.
Representative stacks of RUS spectra are shown in ﬁg. 1.
Figure 2 contains f2 and Q−1 data from three peaks mea-
sured in 0.1K steps during heating. They have frequen-
cies of 994, 1172 and 1780 kHz at 1.6K but their f2 values
have been scaled to 1 at this temperature to allow com-
parison of their evolution with increasing temperature. If
there is a random orientation of domains of the tetrag-
onal structure, the average symmetry of the crystal be-
low Tc will be cubic. In this case most of the resonances
are determined predominantly by diﬀerent proportions of
the two shear elastic constants, “(C11 − C12)” and “C44”,
where inverted commas are used to emphasize that these
are cubic averages of the tetragonal elastic constants. Pat-
terns of evolution through the cubic-tetragonal transition
at higher temperatures [12] and through the same tran-
sition in SrTiO3 suggest that the 994 kHz and 1172 kHz
resonance modes can be provisionally assigned to predom-
inately “C44” and predominantly “(C11 − C12)”, respec-
tively, and the 1780 kHz mode to a mixture of the two.
Two diﬀerent styles of anomalies occur at TN and Ttr,
for which values of 5.6 and 2.8K taken from Petrovic´
et al. [10] are shown in ﬁg. 2. Antiferromagnetic order-
ing is accompanied by softening of up to ∼0.8%, although
the onset of this is nearer to 6.1K than 5.6K, and by in-
creased acoustic loss. There is a marked break in slope for
Q−1 at ∼6.1K, with a peak near 5.9K for the 994 and
1780 kHz modes and near 5.7K for the 1172 kHz mode.
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Fig. 2: (Color online) f2 data for individual resonances, with
absolute values given in the caption rescaled to 1 at 1.6K, and
Q−1 data from the same resonance peaks. Vertical dotted lines
mark transition temperatures taken from Petrovic´ et al. [10]
for antiferromagnetic ordering (TN ) and the change of magne-
tization direction from parallel to perpendicular to [001] (Ttr).
A section with a possible artefact has been removed from the
1172 kHz peak between 4.5K and 5.2K. Sparse markers are
used for clarity, with one marker every two data points for all
traces.
Each of the three resonances has a minimum in f2 and
a corresponding maximum in Q−1 near Ttr, though the
exact temperature of these is at ∼2.7K for the 1172 kHz
mode and ∼2.9K for the 994 and 1780 kHz modes.
In other systems, softening or stiﬀening of shear elas-
tic constants due to antiferromagnetic ordering transitions
can follow two diﬀerent patterns when there is no change
in crystallographic symmetry. One limiting case is seen
in CoF2, where some softening occurs ahead of the tran-
sition point. There is then a discontinuous softening at
TN itself, which is followed by a non-linear recovery as
temperature reduces further [19]. The stiﬀening is at-
tributed to relaxation of the magnetic order parameter,
m, on the same timescale as the induced strain, e, ac-
cording to λem2, where λ represents the strength of the
coupling between them. An accompanying peak in Q−1
at TN can be related to ﬂuctuations or to an intrinsic loss
mechanism involving slowing-down of the relaxation time
for m as T → TN . The other limiting case is represented
by YMnO3 and doped BiFeO3 systems, in which continu-
ous stiﬀening starts at TN and increases in proportion to
the square of the magnetic order parameter [20–23]. This
is attributed to coupling terms of the form λe2m2 and,
rather than there being a peak in Q−1 the acoustic loss
seems simply to reduce to low values below TN . Coupling
of this form between all strains and order parameter com-
ponents is allowed, but is expected to be small and visi-
ble only when coupling with non-zero strains is extremely
weak or the time scale of magnetic relaxations is greater
than the time scale of the imposed strain.
Changes in the average shear elastic constants due to
the magnetic ordering in ETO do not follow either of the
expected patterns exactly. Softening due to biquadratic
coupling is the most likely mechanism but, in the present
Fig. 3: (Color online) f2 and Q−1 data from the 994 kHz res-
onance peak as a function of magnetic ﬁeld at ﬁxed tempera-
tures. (a) 3, 4, 5K: anomalies occur at high and low ﬁeld which
vary with decreasing temperature in the direction shown by ar-
rows. (b) 10, 15, 20K: the circle indicates a subtle anomaly in
f2 at high ﬁeld and 10K, while a clear anomaly at lower ﬁeld
varies with decreasing temperature in the sense of the arrow.
A slight hysteresis in the 10K data shows both softening of f2
and reduction in Q−1 upon returning to zero ﬁeld after appli-
cation of high ﬁeld.
context, the important result is that the combination of
softening and acoustic loss indicates that there must be
some coupling of the magnetic ordering with strain. The
pattern of softening and loss near Ttr closely resembles
that due to the analogous Morin transition at ∼250K in
hematite [24]. At least some contribution to the acoustic
loss may be due to movement under stress of interfaces
between coexisting phases in a two-phase interval, on a
time scale of ∼10−6 s. Anomalies in the elastic properties
correlate closely with anomalies in magnetic properties, as
shown by measurements on the crystal held in the same
orientation with respect to applied ﬁeld in the SQUID
magnetometer, though the onset of elastic softening occurs
∼0.4K above TN .
Figure 3(a) shows variations in f2 and Q−1 for the
994 kHz resonance with changing magnetic ﬁeld in 1T
steps at 3, 4 and 5K. There are marked changes in f2 for
ﬁeld strengths less than 2T and, perhaps, small changes
in Q−1. These are more or less reversible at the scale
of the changes in applied ﬁeld and appear to correlate
with the suppression of the antiferromagnetic structure
under the inﬂuence of magnetic ﬁelds greater than ∼1.5T,
as previously detected by changes in heat capacity [10] and
dielectric constant [4]. The stiﬀening with increasing ﬁeld
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Fig. 4: (Color online) Phase diagram, as deduced from the
locations of elastic anomalies detected by changing magnetic
ﬁeld at 2, 4, 5, 10, 15 and 20K (blue triangles, green ﬁlled
circles). Also shown are the locations of antiferromagnetic and
spin reorientation transitions from ref. [10] (red ﬁlled circles
joined by lines).
ends by 2 T, as found also for saturation of dielectric prop-
erties measured at 2K by Katsufuji and Takagi [4]. The
apparent reversibility of the changes implies that the spin-
ﬂopped and anisotropic paramagnetic structures referred
to by Petrovic´ et al. [10] are sustained only in an applied
ﬁeld. Any change in the conﬁguration of ferroelastic twins
could be reversible but it is more likely that the twin walls
remain ﬁxed while the spin conﬁgurations change within
the diﬀerently oriented twin domains.
Figure 3(b) shows the inﬂuence of applied ﬁeld up to
14T at 10, 15 and 20K. There are clear minima in f2 at
∼1, 2 and 3T, respectively, and there are also minima in
Q−1 at about the same points. These would be most sim-
ply interpreted as being indicative of additional magnetic
transitions. There is a weak minimum at ∼12T (circled)
in the 10K data, which is also seen more clearly in other
peaks, and appears to match up with more overt anomalies
at 10T and above in the 3, 4 and 5K data (ﬁg. 3(a)). The
temperature and ﬁeld strength at which the breaks in slope
of f2 occur below 5T are summarized in ﬁg. 4, to which
data for the boundaries between the anisotropic param-
agnetic, spin-ﬂopped antiferromagnet, c-AF and ab-AF in
ﬁg. 5a of Petrovic´ et al. [10] have been added. In order to
be directly comparable with the data of Petrovic´ et al. [10]
an approximate demagnetisation correction has been ap-
plied to the three data points at 3, 4 and 5K (raw data 2,
1.5, 1 T; corrected data 1.41, 0.995, 0.663T).
The locations of elastic anomalies below 2T and 6K in
ﬁg. 3(a) are not inconsistent with the reported changes in
magnetic properties if some softening occurs ahead of the
stability ﬁeld of the spin-ﬂopped antiferromagnetic struc-
ture. Petrovic´ et al. [10] reported an anisotropic param-
agnet as being the stable state with increasing ﬁeld below
5.6K, but it is not possible at this stage to establish what
the magnetic structures might be in all of the diﬀerent
ﬁelds that are deﬁned by the changes in elastic properties.
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Fig. 5: (Color online) f2 and Q−1 for a resonance peak with
f = 752 kHz at 2K. The primary spectra were collected during
heating in zero ﬁeld and in an applied magnetic ﬁeld of 10T.
Application of the 10 T ﬁeld makes little diﬀerence to the evo-
lution of f2, even through the cubic-tetragonal transition near
285K, but substantially reduces acoustic loss at T  35K.
Sparse markers are used for clarity, with one marker every two
data points for Q−1, one marker every three data points for f2
at 0T and one marker every four data points for f2 at 10T.
Strikingly, a straight line through the low-ﬁeld data points
at 10, 15 and 20K would extrapolate to a temperature
close to the Ne´el point in zero ﬁeld. This suggests that
the phase transition with increasing ﬁeld could be to a
structure with a diﬀerent combination of magnetic order
parameter components belonging to the same irreducible
representation as applies to the antiferromagnetic struc-
ture below ∼6K.
Coupling between magnetic order parameters and strain
allows, in principle, the possibility of magnetic control of
the ferroelastic domain structure in a manner that is anal-
ogous to the electrical-ﬁeld control of ferroelastic domains
described by Petrovic´ et al. [10]. An electric ﬁeld should
induce a ferroelectric dipole with an orientation that is fa-
vored by one of the three possible ferroelastic domain ori-
entations. If the same coupling occurs between magnetic
order parameters and the tetragonal strain, an applied
magnetic ﬁeld should also induce poling of the ferroelas-
tic domains. This would be detected through diﬀerences
in elastic constants for poled and unpoled crystals and
by a reduction in any acoustic loss related to mobility of
the twin walls as their density is decreased. RUS spec-
tra were therefore collected through the structural transi-
tion in zero ﬁeld and at 10 T. Data for a resonance with
f = 751 kHz at 1.6K are shown in ﬁg. 5. As described
elsewhere [12], the cubic → tetragonal transition is ac-
companied by softening of the shear elastic constants by
∼20–30%. f2 values in the stability ﬁeld of the tetragonal
structure are essentially the same at 0 and 10T for this res-
onance and for others in the spectra, implying that there
is no change in the ferroelastic domain structure. How-
ever, there is a substantial reduction of Q−1 over almost
the entire temperature range above 50K, including above
Tc, when the 10T ﬁeld is applied. This particular reso-
nance mode is believed to be determined by “C44”. There
is a similar reduction of Q−1 for another mode, assigned
to the inﬂuence predominantly of “(C11 − C12)”, but the
57004-p4
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change is restricted to between ∼200K and Tc. An associ-
ation with “C44” would imply coupling of strain, e4, with
the defect(s) responsible for the acoustic loss, which would
rule out displacements of the ferroelastic twin walls as the
cause. Rather, there appear to be some additional mag-
netic domains or defects in ETO which couple with strain
at temperatures that are well above the spin ordering tem-
peratures. These are perhaps related to the EuIII defects
proposed by Goian et al. [13] and subsequently discussed
also by Petrovic´ et al. [10], which may also be a factor in
stabilizing the incommensurate structure characterized by
Kim et al. [25].
We have demonstrated magnetoelastic eﬀects indicating
that all aspects of the magnetic properties of ETO are cou-
pled with strain, including the low-temperature antifer-
romagnetic phases stable below TN , previously unknown
magnetic structures which are stabilized in high ﬁelds and
defects which persist to high temperatures. Some of the
same defects may also have a role in pinning of ferroelas-
tic twin walls. The existence of such coupling inevitably
requires that strain is involved in the magnetoelectric
properties, relating closely to the key results presented
by Fennie et al., Ranjan et al. and Lee et al. [7–9] on
the theoretical prediction and experimental realization of
strongly ferroelectric, ferromagnetic epitaxial ﬁlms. ETO
displays aspects of three ferroic properties and clearly has
a remarkable richness of phenomenological behaviour both
in the bulk material and thin ﬁlms.
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